We have recently cloned a D-cycloserine (DCS) biosynthetic gene cluster that consists of 10 genes, designated dcsAϳdcsJ, from Streptomyces lavendulae ATCC 11924 (16). In the predicted pathway of hydroxyurea (HU) formation in DCS biosynthesis, Larginine (L-Arg) must first be hydroxylated, prior to the hydrolysis of N -hydroxy-L-arginine (NHA) by DcsB, an arginase homolog. The hydroxylation of L-Arg is known to be catalyzed by nitric oxide synthase (NOS). In this study, to verify the supply route of HU, we created a dcsB-disrupted mutant, ⌬dcsB. While the mutant lost DCS productivity, its productivity was restored by complementation of dcsB, and also by the addition of HU but not NHA, suggesting that HU is supplied by DcsB. A NOS-encoding gene, nos, from S. lavendulae chromosome was cloned, to create a nos-disrupted mutant. However, the mutant maintained the DCS productivity, suggesting that NOS is not necessary for DCS biosynthesis. To clarify the identity of an enzyme necessary for NHA formation, a dcsA-disrupted mutant, designated ⌬dcsA, was also created. The mutant lost DCS productivity, whereas the DCS productivity was restored by complementation of dcsA. The addition of NHA to the culture medium of ⌬dcsA mutant was also effective to restore DCS production. These results indicate that the dcsA gene product, DcsA, is an enzyme essential to generate NHA as a precursor in the DCS biosynthetic pathway. Spectroscopic analyses of the recombinant DcsA revealed that it is a heme protein, supporting an idea that DcsA is an enzyme catalyzing hydroxylation.
D
-Cycloserine (DCS), produced by Streptomyces lavendulae and S. garyphalus, is a cyclic structural analogue of D-alanine and is used for the treatment of tuberculosis (25) . Because DCS is structurally related to D-alanine, it prevents the action of both alanine racemase and D-alanyl-D-alanine ligase, which are necessary for the biosynthesis of the bacterial cell wall (17, 22) . In addition, since DCS has recently been shown to be a partial agonist for the N-methyl-D-aspartate receptor, the drug may be useful for the treatment of various psychological dysfunctions (4, 6, 18) . Although the chemical structure of DCS is very simple, genes responsible for the biosynthesis of DCS have not been cloned until recently.
Antibiotic-producing microorganisms must be protected from the lethal effect of their own products. We have previously shown that a gene, orfB, which may encode a membrane protein responsible for the excretion of DCS, functions as a self-resistance gene in the DCS-producing strain S. garyphalus (CSH) 5-12 (20) . The same gene has also been found in another DCS producer, S. lavendulae ATCC 25233 (23) . We have also demonstrated that D-alanyl-D-alanine ligase, which is a target enzyme of DCS, functions as a self-resistance determinant in S. lavendulae ATCC 25233 (23) . Interestingly, the gene encoding D-alanyl-D-alanine ligase, named ddlS, is located just upstream of orfB (23) .
In general, antibiotic biosynthetic genes form clusters and are located adjacent to self-resistance genes. Because the orfB and ddlS genes were found to be conserved in the DCS-producing strain S. lavendulae ATCC 11924, we have cloned the flanking region (21 kb) from the chromosomal DNA of S. lavendulae to identify the DCS biosynthetic genes. A gene cluster, which consists of 10 open reading frames (ORFs), including two self-resistance genes, was found in the cloned DNA, and was designated dcsAϳdcsJ (16) . Since the DCS-non-producing S. lividans 66 strain acquired DCS productivity when the cluster was expressed in the strain, we confirmed the successful cloning of a DCS biosynthetic gene cluster (16) .
Based on the sequence information of the gene cluster consisting of dcsA to dcsJ and previous studies (30, 31) , the DCS biosynthetic pathway has been proposed (16) . In the pathway, hydroxyurea (HU), a component of DCS, must be supplied by the catalysis of a dcsB-encoded arginase homolog by the use of N -hydroxy-L-arginine (NHA) as a substrate (Fig. 1) . Indeed, the recombinant DcsB displayed NHA-hydrolyzing activity to generate HU (16) . However, it has never been demonstrated whether DcsB is truly involved in the biosynthesis of DCS. Although we have hypothesized that NHA is formed by the action of nitric oxide synthase (NOS) from L-arginine (L-Arg) (Fig. 1) , because NOS catalyzes the generation of nitric oxide (NO) from L-Arg through forming NHA as an intermediate, a gene encoding NOS did not seem to be present in the DCS biosynthetic gene cluster (16) .
The aim of the present study was to verify the supply route of HU in the biosynthesis of DCS. The results obtained in this study by gene disruption analysis of dcsB suggested that DcsB is involved in the formation of HU from NHA (Fig. 1) . Considering our previous finding (16), we conclude that DcsB is a hydroxyarginase necessary for DCS biosynthesis. With respect to the NHA formation, since the DCS productivity of the producer organism was not lost even by the disruption of a newly cloned NOS-encoding gene, designated nos, we tried to investigate the function of dcsA (16) , which encodes a protein that could not be annotated by homology search. In the present study, by gene disruption and spectroscopic analyses, we show that the dcsA gene product, DcsA, is necessary for the biosynthesis of DCS and suggest that it is a heme protein which may be involved in the NHA formation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. S. lavendulae ATCC 11924, S. lividans 66, and their derivatives were maintained at 28°C on an FB agar medium (8) . To select desired clones, appropriate antibiotics were added to the medium (13) . To evaluate the productivity of DCS, Streptomyces strains were cultured at 28°C in liquid medium B (32) . Plasmids pIJ8600 (29) and pKC1132 (2) were used for gene complementation and gene disruption, respectively. Escherichia coli DH5␣ (5) and plasmids pUC19 (33), pTA2 (Toyobo), pGEM-T (Promega), and pBluescript II SK(ϩ) (Stratagene) were used for DNA cloning and sequencing. E. coli ET12567 (19) containing pUZ8002 (24) was used as a transient host for E. coli-Streptomyces conjugation. E. coli BL21(DE3) and a plasmid, pET28a(ϩ) (Novagen), were used for protein expression. All E. coli strains were cultivated in Luria broth or on Luria agar supplemented with the appropriate antibiotics when necessary (27) .
DNA manipulations. Plasmid DNA in E. coli was isolated using a Wizard Plus Minipreps DNA Purification system (Promega). Genomic DNA of Streptomyces was isolated following a standard protocol (13) . The phage DNA was isolated according to a method described elsewhere (27) .
Hybridizations. Southern and plaque hybridizations were performed using a Hybond-Nϩ membrane (GE Healthcare). Probe labeling, hybridization, and detection were performed with the Alkphos direct labeling and detection system (GE Healthcare) according to the manufacturer's protocol.
Cloning of nos from S. lavendulae ATCC 11924. To clone the nos gene from S. lavendulae, an internal fragment of nos was amplified by degenerate PCR using genomic DNA as a template with degenerate primers 5=-TGGARCGAGCAGCTSGTSCGSTAC-3= (R ϭ A, G; S ϭ C, G) and 5=-ATCTCSGTYCCCATGTACCAGCCAGCCGTTG-3= (Y ϭ C, T). The primers were designed according to the conserved region of nos genes from several Streptomyces strains (7, 12) . PCR was performed under the following conditions: denaturation for 5 min at 96°C, 30 cycles of 30 s at 96°C and 1 min at 65°C, and, finally, an extension period at 65°C for 3 min. After the amplified DNA was confirmed to encode the internal region of NOS, a DNA fragment containing the full-length nos was cloned from the genomic library of S. lavendulae (16) by plaque hybridization using the amplified DNA as a probe. Because the Southern analysis revealed that the nos gene is present in a BamHI-digested fragment (5.5 kb) of the phage DNA isolated from a positive plaque, the fragment was subcloned into the same site of pBluescript II SK(ϩ) to generate pBluescript/ NOS1. Although the 5.5-kb DNA fragment contained the full-length nos, a 2.0-kb EcoRI fragment upstream of nos was obtained by chromosomal walking and subcloned into the same site of pUC19 to yield pUC19/NOS2 to facilitate subsequent gene disruption analysis.
DNA sequencing and analysis. The nucleotide sequence of the 5.5-kb BamHI fragment containing nos was determined by the Dragon Genomics Center (TaKaRa). The DNA fragment, which was obtained by chromosomal walking (2.0 kb), was analyzed for the nucleotide sequence with an ABI Prism 310 sequencer (Applied Biosystems) using a BigDye Terminator cycle sequencing ready reaction kit, version 1.1. Genetic analysis was performed with GENETYX version 7 for Windows (Software Develop- The open reading frames (ORFs) were predicted using FramePlot version 2.3.2 (9) . Homology searches were conducted with the BLAST algorithm (1). The DNA sequence data obtained in this study were deposited in the DDBJ database (for accession number, see below).
Disruption of nos, dcsA, and dcsB in S. lavendulae ATCC 11924. A 3.0-kb DNA fragment downstream of nos was amplified by PCR using genomic DNA of S. lavendulae as a template with primers 5=-ACTAGTG GCCGCAGCGTGCCGGCGGACTG-3= (SpeI site underlined) and 5=-A GATCTGGGTCTGTGCTGCAAGGCCGCAG-3= (BglII site underlined) and cloned into pTA2 to yield pTA2/⌬nos-D. After confirmation of the DNA sequence, a 3.0-kb fragment was removed from pTA2/⌬nos-D by digestion with HindIII and BglII and inserted into the pKC1132 previously digested with HindIII and BamHI to construct pKC1132/⌬nos-D. Similarly, a 2.5-kb DNA fragment upstream of nos was amplified by PCR using genomic DNA of S. lavendulae as a template with primers 5=-AAG CTTCCATTTCCGTGGTTCCGTCGGCCG-3= (HindIII site underlined) and 5=-ACTAGTGTCGAACGGGCCCTCGGGTTCC-3= (SpeI site underlined). The amplified DNA was cloned into pTA2 to generate pTA2/ ⌬nos-U. A 2.5-kb fragment was cut from pTA2/⌬nos-U by digestion with HindIII and SpeI and inserted into the same sites of pKC1132/⌬nos-D to generate pKC1132/⌬nos. In this construct, an internal region of nos with a size of 450 bp was in-frame deleted. The vector pKC1132/⌬nos was introduced into E. coli ET12567/pUZ8002, and a resulting transformant was used for conjugal transfer to S. lavendulae as described previously (13) . An apramycin-resistant conjugant, obtained by single-crossover homologous recombination, was further cultivated in the medium without apramycin for several rounds. An apramycin-sensitive in-frame-deleted mutant of nos, generated by double-crossover homologous recombination, was obtained and designated ⌬nos.
A 2.9-kb DNA fragment upstream of dcsA was amplified by PCR using pUC19/DCS2 (16) as a template with primers 5=-AAGCTTGTACTTCC GTTCCCTGTGAGGGGG-3= (HindIII site underlined) and 5=-ACTAGT GTGCCGGATGTCCTCCTTCCCG-3= (SpeI site underlined). The amplified DNA was cloned into pTA2 to generate pTA2/⌬dcsA-U. A 2.9-kb fragment was removed from pTA2/⌬dcsA-U by digestion with HindIII and EcoRI and inserted into the same sites of pKC1132 to construct pKC1132/⌬dcsA-U. Similarly, a 2.8-kb DNA fragment downstream of dcsA was amplified by PCR using pUC19/DCS2 as a template with primers 5=-ACTAGTTGCCCCTTCACCTTCCGCGGG-3= (SpeI site underlined) and 5=-GAATTCCCTCATGCGCCTGCTCCCGTC-3= (EcoRI site underlined) and cloned into pTA2 to yield pTA2/⌬dcsA-D. A 2.8-kb fragment was cut from pTA2/⌬dcsA-D by digestion with SpeI and EcoRI and inserted into the same sites of pKC1132/⌬dcsA-U to generate pKC1132/ ⌬dcsA. In this construct, an internal region of dcsA with a size of 516 bp was in-frame deleted. Using pKC1132/⌬dcsA, an in-frame-deleted mutant of dcsA was obtained by the same procedure as described for ⌬nos and designated ⌬dcsA.
A 3.1-kb DNA fragment downstream of dcsB was amplified by PCR using pUC19/DCS2 as a template with the primers 5=-ACTAGTGCTCC CGGCCCAGATCCGGGC-3= (SpeI site underlined) and 5=-CGCCCCG CTCGGCGAGCTGGG-3= and cloned into pTA2 to yield pTA2/⌬dcsB-D. A 3.1-kb fragment was removed from pTA2/⌬dcsB-D by digestion with HindIII and PstI and inserted into the same sites of pKC1132 to construct pKC1132/⌬dcsB-D. Similarly, a 3.0-kb DNA fragment upstream of dcsB was amplified by PCR using pUC19/DCS2 as a template with the primers 5=-AAGCTTGTGGGCGTAGAGGGTCAGGCGTTC-3= (HindIII site underlined) and 5=-ACTAGTTCCCGCACCGCGACCAGGGTC-3= (SpeI site underlined). The amplified DNA was cloned into pTA2 to generate pTA2/⌬dcsB-U. A 3.0-kb fragment was cut from pTA2/⌬dcsB-U by digestion with HindIII and SpeI and inserted into the same sites of pKC1132/ ⌬dcsB-D to generate pKC1132/⌬dcsB. In this construct, an internal region of dcsB with a size of 450 bp was in-frame deleted. Using pKC1132/⌬dcsB, an in-frame-deleted mutant of dcsB was obtained by the same procedure as described for ⌬nos and designated ⌬dcsB.
Complementation analyses. The dcsA gene was amplified by PCR using a sense primer, 5=-CATATGAACTGCTACCCCGCCGGCCATT G-3= (NdeI site underlined), and an anti-sense primer, 5=-TCTAGACTA CGCCCCGCGGAAGGTGAAG-3= (XbaI site underlined). The amplified gene was cloned into pTA2 to give pTA2/dcsA. After the amplified DNA was confirmed by sequencing, dcsA was removed from pTA2/dcsA by digestion with NdeI and XbaI and inserted into the same sites of pIJ8600, a Streptomyces expression vector, to yield pIJ8600/dcsA. In this construction, dcsA is under the control of the tipA promoter, and its expression is induced by the addition of thiostrepton (21) . pIJ8600/dcsA was introduced into the ⌬dcsA strain by the use of conjugal transfer (13) .
The dcsB gene was amplified by PCR using a sense primer, 5=-CATAT GATTGATCTGATCGTCTCCCAGGGCCGG-3= (NdeI site underlined), and an anti-sense primer, 5=-TCTAGAGTCAGGGCCGTGCGGCGGCG G-3= (XbaI site underlined). The amplified gene was cloned into pGEM-T to give pGEM/dcsB. dcsB was cut from pGEM/dcsB by digestion with NdeI and XbaI and inserted into the same sites of pIJ8600 to yield pIJ8600/dcsB. pIJ8600/dcsB was introduced into the ⌬dcsB strain using conjugal transfer (13) .
Assay of DCS production. The DCS productivity of S. lavendulae ATCC 11924 and its derivatives was analyzed using high-performance liquid chromatography (HPLC) as described previously, with the exception that the detection was carried out at 226 nm (14, 16) .
Expression in E. coli and purification of DcsA. The dcsA gene was amplified by PCR using a sense primer, 5=-CATATGAACTGCTACCCC GCCGGCCATTTG-3= (NdeI site underlined), and an anti-sense primer, 5=-CTCGAGCTACGCCCCGCGGAAGGTGAAGG-3= (XhoI site underlined). The amplified gene was cloned into pTA2 to generate pTA2/ dcsAEx. After the nucleotide sequence of dcsA was confirmed by sequencing, a dcsA fragment was cut from pTA2/dcsAEx by digestion with NdeI and XhoI and inserted into the same sites of pET-28a(ϩ) to yield pET28a/dcsA. E. coli BL21(DE3) harboring pET-28a/dcsA was grown in a Luria broth supplemented with Overnight express autoinduction system 1 reagents (Novagen) at 28°C for 24 h. The cells were harvested by centrifugation and disrupted by sonication. The N-terminal histidine-tagged DcsA was purified by the nickel affinity chromatography using Ni-Sepharose High Performance (GE Healthcare), according to the supplier's instruction manual.
Absorption spectroscopy. The absorption spectrum of the resting (ferric) form of DcsA, dissolved in 50 mM potassium phosphate buffer containing 10% glycerol, was recorded at room temperature using a 1-cm-path-length cuvette and a V-550 spectrophotometer (Jasco). The reduced (ferrous) form of DcsA was obtained by the addition of 10 mM sodium dithionite to its resting form. To form a carbon monoxide (CO)-bound form of DcsA, the reduced form was bubbled with CO gas.
Nucleotide sequence accession number. The DNA sequence data obtained in this study were deposited in the DDBJ database under accession number AB678406.
RESULTS

Function of DcsB in the biosynthesis of DCS.
Our previous study suggested that HU, as a component of DCS, is supplied by the catalysis of DcsB by the use of NHA as a substrate in the biosynthesis of DCS (16) . For the clarification, dcsB located on the S. lavendulae ATCC 11924 chromosome was disrupted by an inframe deletion method using homologous recombination ( Fig.  2A) . Through two steps of homologous recombination, a desired in-frame deletion mutant, designated ⌬dcsB, was obtained. The authenticity of the mutant was confirmed by PCR (Fig. 2B) .
As expected, HPLC analysis showed that the wild-type strain produced DCS (Fig. 2C) , whereas the ⌬dcsB mutant did not (Fig.  2C) . To determine whether the loss of the DCS productivity in the mutant was due to the disruption of dcsB, the gene was complemented in trans using an expression vector, pIJ8600 (29) . The dcsB gene, located under the control of the tipA promoter (21) in pIJ8600, was introduced into the ⌬dcsB mutant. As shown in Fig.  2C , the complemented cell restored the DCS productivity in the presence of thiostrepton (20 g/ml) as an inducer of the tipA promoter (Fig. 2C) , showing that the loss of DCS productivity in the ⌬dcsB mutant is due to the disruption of dcsB. These results show that DcsB is necessary for the biosynthesis of DCS. Importantly, the ⌬dcsB mutant partially restored DCS production by the addition of 1 mM HU (Fig. 2C) but not by NHA (Fig. 2C) . By the addition of 5 mM HU, the DCS productivity of the ⌬dcsB mutant became comparable with that of the wild type. These results indicate that HU is not synthesized in the ⌬dcsB mutant and that DcsB participates in the formation of HU from NHA. Because the recombinant DcsB indeed catalyzes the hydrolysis of NHA to generate HU (16), we conclude that DcsB is a hydroxyarginase involved in the formation of HU.
Cloning of nos from S. lavendulae ATCC 11924. We hypothesized that NOS might be associated with the formation of NHA in the biosynthesis of DCS (16) . However, an ORF homologous with the NOS-encoding gene was absent in the DCS biosynthetic gene cluster. Therefore, we tried to clone nos from S. lavendulae ATCC 11924. As a result of degenerate PCR, a DNA fragment with a size of 365 bp was amplified. The amino acid sequences (131 amino acids) deduced from the nucleotide sequences of the fragment exhibited high similarities with NOSs from Streptomyces strains (7, 12) , such as that from S. scabiei (76% identity), leading to the conclusion that the amplified DNA is an internal region of nos in S. lavendulae ATCC 11924. Subsequently, using the amplified DNA as a probe, we screened a genomic library of S. lavendulae ATCC 11924 (16) and obtained a positive plaque. By subcloning of two successive DNA fragments (NOS1 and NOS2) (Fig. 3) from the phage DNA of a positive plaque, the nucleotide sequences of 6,852 bp, including full-length nos, were determined. The FramePlot analysis (9) suggests the presence of 5 ORFs in the sequenced DNA fragment (Fig. 3) . Because the protein encoded by the central ORF showed the highest identity with NOS from S. scabiei (74%) and exhibited high similarities to NOSs from several bacteria, the ORF corresponds to nos in S. lavendulae ATCC 11924 (Fig. 3) . By in silico analysis, ORF2 just upstream of nos may encode cytochrome P450. This situation is also seen in S. turgidiscabies, which produces a phytotoxin, thaxtomin (12) . In S. turgidiscabies, nos has been reported to be involved in the biosynthesis of thaxtomin (12) . In silico analysis suggests that ORF1, ORF3, and ORF4 may encode a cupin 2 domain-containing protein, a protein with an unknown function, and a sodium/potassium transporter, respectively.
NOS is not responsible for DCS biosynthesis. To determine whether the NOS participates in NHA formation in the biosynthesis of DCS, a nos-disrupted mutant, designated ⌬nos, was created by an in-frame deletion method (Fig. 4A) . The validity of the mutant was confirmed by Southern blot analysis. As estimated in the experiments represented by Fig. 4A, 3 .6-kb and 3.1-kb fragments were detected in the wild-type and the ⌬nos mutant, respectively (Fig. 4B) . Contrary to our expectations, HPLC analysis revealed that the productivity of DCS in the ⌬nos mutant was almost the same as that in the wild-type strain (Fig. 4C) . This result shows that the NOS does not participate in the biosynthesis of DCS in S. lavendulae ATCC 11924.
Function of DcsA in DCS biosynthesis. According to our recent study, S. lividans 66 acquired DCS productivity when transformed with a vector carrying dcsAϳdcsJ (16) . We considered that this phenomenon might be explained by the hypothesis that S. lividans 66 also possesses the nos gene (16) . However, as reported above, the nos-disruption analysis of S. lavendulae refuted the hypothesis of the participation of NOS in DCS biosynthesis. This observation encouraged us to look for the gene responsible for NHA formation in the cluster that includes dcsA to dcsJ. By in silico analysis of the gene cluster, we could not predict the role of dcsA and dcsF gene products in DCS biosynthesis (16) . In fact, the protein that displays the highest identity (50%) to the dcsA product is a protein with an unknown function from Chromohalobacter selexigens (16) . In addition, sequence similarities between the DcsA protein and hypothetical proteins in other bacteria were under 39%. Therefore, first of all, we tried to create a dcsA-disrupted mutant of the ATCC 11924 strain by the use of the in-frame deletion method (Fig. 5A) . As a result, a mutant, designated ⌬dcsA, was obtained. As estimated in the experiment represented in Fig.  5A , the 2.4-kb and 1.9-kb fragments were detected in the wild type and the ⌬dcsA mutant, respectively (Fig. 5B) .
Surprisingly, the ⌬dcsA mutant did not produce DCS (Fig.  5C ). To confirm that this was due to the loss of dcsA function, the gene was complemented in trans using an expression vector, pIJ8600 (29) . The complemented cell restored the DCS productivity in the presence of thiostrepton (20 g/ml) (Fig. 5C ), showing that the disappearance of DCS productivity in the ⌬dcsA mutant was due to the disruption of dcsA. These results reveal that DcsA is essential for DCS biosynthesis. Furthermore, the ⌬dcsA mutant was confirmed to restore DCS productivity by the addition of NHA from outside cells (Fig. 5C ), suggesting that DcsA may participate in NHA formation in the biosynthesis of DCS.
DcsA is a heme protein.
To clarify whether DcsA catalyzes the hydroxylation of L-Arg, the protein was expressed in E. coli as an N-terminal histidine-tagged protein and purified by nickel affinity chromatography. Interestingly, the purified DcsA dissolved in a buffer containing imidazole had a reddish-yellow color. An absorption spectrum of the purified DcsA exhibited two peaks at 423 nm and 542 nm (data not shown), which are similar to those of heme proteins, such as NOSs bound to imidazole (26) . After the buffer containing imidazole was replaced by 50 mM potassium phosphate (pH 7.4) containing 10% glycerol, DcsA exhibited absorbance maxima at 387, 514, and 647 nm (Fig. 6A) . This reflects the characteristic of heme proteins in the resting (ferric) form (26) . DcsA reduced with the addition of 10 mM sodium dithionite gave absorbance maxima at 402 and 554 nm (Fig. 6A) . Figure 6A shows that when the reduced DcsA was bubbled with CO gas, the absorption maxima were shifted toward 439 and 548 nm. The absorbance maximum, which was obtained from the reduced CO difference spectrum, located at 439 nm (Fig. 6B) . These spectral data clearly indicate that DcsA is a heme protein. Therefore, it is suggested that DcsA may function as an enzyme which catalyzes the hydroxylation of L-Arg.
To confirm the function of DcsA, the recombinant DcsA (0.5 to 10 M) and L-Arg (0.1 to 10 mM), which were dissolved in a 50 mM potassium phosphate buffer (pH 7.4), were mixed in the presence of NADH (1 to 10 mM) or NADPH (1 to 10 mM) followed by incubation at 30°C or 37°C. In some cases, hydrogen peroxide (10 mM) or spinach ferredoxin (100 g/ml) plus spinach ferredoxin reductase (0.1 U/ml) was added to the reaction mixture. However, we could not confirm the formation of NHA by using thin-layer chromatography (TLC) analysis.
DISCUSSION
In the present study, we tried to verify the supply route of HU in the biosynthesis of DCS. Taking account of our previous finding (16) , the results obtained in this study clearly demonstrate that DcsB supplies HU by hydrolyzing NHA in DCS biosynthesis. Although DcsB displays a high sequence similarity to arginase, the protein catalyzes only the hydrolysis of NHA, instead of L-Arg (16) . It is of great interest to know the structure and catalytic mechanism of DcsB, since the hydrolases, which display specificity against NHA but not L-Arg, have not been reported until now.
Enzyme kinetics and crystallographic studies of the DcsB protein are now in progress.
Mammalian NOSs, which consist of the N-terminal oxygenase domain and the C-terminal reductase domain, are heme-based monooxygenases and oxidize L-Arg to NO by forming NHA as an intermediate (28) . In this process, NHA is not released from NOS because L-Arg is successively oxidized to NO and L-citrulline (10) . In contrast to mammalian NOSs, almost all bacterial NOSs found so far lack the reductase domain (28) . Therefore, we proposed the hypothesis that the S. lavendulae NOS could supply NHA by hydroxylation of L-Arg in the biosynthesis of DCS (16) . Indeed, the S. lavendulae ATCC 11924 nos gene, which was cloned in the present study, encodes a NOS protein lacking a reductase domain. However, the NOS was not involved in the biosynthesis of DCS. Judging from the recent research of NOS-based NO production in S. turgidiscabies (11) , the NOS in Streptomyces may function to produce NO specifically.
Because DcsA exhibits similarity to a protein with unknown function from Chromohalobacter selexigens, we could not annotate the function of DcsA (16) . Therefore, we examined whether DcsA participates in NHA formation in the biosynthesis of DCS. The present study showed that DcsA does participate in DCS biosynthesis and suggested that it may catalyze the hydroxylation step of L-Arg to form NHA. Interestingly, DcsA does not have sequence similarity to known members of the oxygenase family of proteins. In particular, DcsA shows no similarities to non-heme iron-containing amino acid hydroxylases, such as phenylalanine hydroxylase (3), or heme-containing oxygenases, such as cytochrome P450s.
To clarify the function of DcsA, the protein was expressed in E. coli and purified. The spectroscopic analyses suggest that, although the sequence of DcsA is quite different from those of heme proteins, such as cytochrome P450s and NOSs, the protein is evidently a heme protein. This may support the idea that DcsA is a hydroxylase, because heme proteins can function as oxygenases. Like Bacillus subtilis NOS, the absorbance spectrum of the ferric DcsA (Fig. 6A) indicates that the heme is predominantly present in a pentacoordinated high-spin state (26) .
In spite of much effort, demonstration of the DcsA function with in vitro assay system has thus far been unsuccessful. The failure may be due to the absence of redox partners, which donate electrons to DcsA. For bacterial cytochrome P450s, ferredoxin and ferredoxin reductase are known generally to function as redox partners to the proteins (15) . Although we measured the activity of DcsA in the presence of spinach ferredoxin and spinach ferredoxin reductase, which are used for the in vitro assay of bacterial cytochrome P450s (15) , no activity was detected. It has been reported that the "peroxide-shunt pathway" can overcome the absence of redox partners necessary for the enzyme activity of the Bacillus subtilis NOS (26) . That is, the Bacillus subtilis NOS oxidizes L-Arg by the mediation of hydrogen peroxide without redox partners. However, no DcsA activity was detected in the presence of hydrogen peroxide. Furthermore, we tried to convert L-Arg into NHA by the use of cell extracts of S. lividans 66 transformed with pIJ8600/dcsA. However, the desired product was not detected by the TLC analysis, which might have been due to the interference by an L-Arg deiminase that catalyzes the deimination of L-Arg to form L-citrulline (7) . Crystallographic analysis of DcsA to elucidate the exact enzymatic function of the protein is now in progress.
